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Intracluster Supernova as a Possible Extra Energy Source of Clusters 
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Abstract 

The observed luminosity - temperature relation of clusters is considerably steeper than that expected 
from a simple scaling relation. Although extra energy input is a likely solution, its source has not been 
identified. We propose intracluster supernova as a possible source, and also predict the supernova rate in 
intracluster space as a critical test. 
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1. Introduction 

Clusters of galaxies are the largest virialized systems 
in the universe, and their importance as a cosmological 
probe is well-recognized. If shock heating from gravita- 
tional collapse is the dominant mechanism driving intr- 
acluster medium evolution, the self-similar model (e.g., 
Kaiser 1986) is a natural expectation. Based on the self- 
similar model, we can discuss the statistical properties of 
clusters of galaxies, and most of the observational results 
(for example, temperature function and mass - tempera- 
ture relation) can be well explained. However, some ob- 
servational results are inconsistent with the self-similar 
model (e.g., Evrard, Henry 1991; Kaiser 1991). One of 
them is the luminosity - temperature (L—T) relation. In 
the self-similar model, the X-ray luminosity, Lx, can be 
expressed as Lx oc / gas (1 + z vir ) 2 T 2 , where z vir is the 
rcdshift of cluster virialization, / gas is the gas mass frac- 
tion, and T is the temperature. This expression shows 
that if all clusters are formed at the same redshift with 
the same gas mass fraction, the X-ray luminosity would 
be proportional to the temperature squared. In fact, this 
relation is significantly steeper than that observed (e.g., 
David et al. 1993). 

In order to explain the L—T relation, we need some 
physical processes that can break the self-similar scaling. 
Extra energy input is the most likely physical process 
(e.g., Evrard, Henry 1991; Kaiser 1991). Much literature 
has discussed cluster properties based on this considera- 
tion, and shows that extra energy of 0.1 - 1 keV/particle 
is required to explain the L - T relation. 

As a source of extra energy, supernovae (SNe) and 
active galactic nuclei (AGN) are promising. First, we 
briefly consider SNe. The available energy from a su- 
pernova is e x 10 51 erg, where e is the conversion factor 
from the SN kinetic energy to the thermal energy of the 



intracluster gas. Assuming 1 supernova event per 100 
Mq of stars formed, the total available energy is roughly 
expressed as 10 51 e (Af ga i/100M Q ) erg, where M ga j is the 
total mass of the stars in galaxies. We then obtain the 
extra energy per particle as 0.7 e [(M ga i/M gas )/0.2] keV, 
where M gas is the mass of intracluster gas. Here, we 
adopt Mg a i/Mg as = 0.2 as a typical value. If e is on 
the order of 1, the L-T relation can be explained by the 
energy input from SNe. However, it is a serious prob- 
lem that e is on the order of 1, since most of the SN 
kinetic energy converts to radiation energy. For exam- 
ple, Thornton et al. (1998) have shown that about 90% 
of the SN kinetic energy is lost by radiation in galax- 
ies, that is, e < 0.1. Thus, it is difficult for SNe to 
be the energy source. Although AGNs (jets or winds) 
are another candidate, their energy conversion efficiency 
is very uncertain. Therefore, the energy source has not 
been identified. 

In this paper, we reconsider SN as an energy source 
while exploring the possibility that they occur in intra- 
cluster space. 



2. Intracluster Supernovae 

For considering SNe as an energy source, the radiative 
energy loss is the core of the problem. To resolve this, 
the SN kinetic energy must convert to thermal energy 
before radiative cooling becomes efficient. This is possi- 
ble if a SN occurs in a low-density environment, i.e. in 
intracluster space, since the radiative energy loss rate is 
proportional to the density squared. According to Thorn- 
ton et al. (1998), radiative cooling begins to be efficient 
at 1.4 x 10 6 yr from a SN explosion, with the surround- 
ing gas density and temperature being 10 -3 cm -3 and 
1000 K, respectively. Until this epoch, we can use the 
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Sedov-Taylor model and find that the shock velocity is 
about 100 km s -1 at t = 1.4 x 10 6 yr (Thornton et al. 
1998). This corresponds to the sound velocity of gas with 
T <~ 10 5 K. Thus, if the temperature of the surrounding 
gas is higher than 10 5 K, then all of the SN kinetic energy 
would convert to thermal energy without any radiative 
loss. 

That is to say, the problem is whether sufficient SN 
explosions occur in intracluster space. First of all, we 
consider how many stars there are in intracluster space. 
Theoretically, as a consequence of the stripping of stars 
from galaxies in clusters through the effect of fast en- 
counters with other galaxies (e.g. Moore et al. 1996) 
and the interaction of the galaxies with the tidal field 
of the cluster, itself, the existence of an intracluster star 
has been expected (e.g., Dressier 1984). This idea is sup- 
ported by observations: for example, Gregg and West 
(1998) reported on optical features explained as tidal de- 
bris generated during galaxy-galaxy and galaxy-cluster 
interactions in the Coma cluster. N-body simulations 
predict that the fraction of mass in the intracluster stars 
to the total cluster stars is greater than 10% (e.g., Miller 
1983). 

Observationally, evidence of intracluster stars also ex- 
ists. Although Zwicky (1951) first claimed to detect ex- 
cess light between the galaxies of the Coma cluster, sub- 
sequent searches have not been conclusive. Recently we 
have obtained more direct evidence. First, many intra- 
cluster planetary nebulae have been found in the Virgo 
cluster (Fcldmeier et al. 1998) and the Fornax cluster 
(Theuns, Warren 1997). Second, Ferguson et al. (1998) 
have reported on intracluster red-giant-branch stars in 
the Virgo cluster using the HST. The estimated fraction 
of intracluster stars to the total number of cluster stars 
is very uncertain. It varies from 10% to 80%, depending 
on the literature. Here, we adopt a fraction of 50% as a 
typical value; that is, the number of stars in intracluster 
space is roughly equivalent to that in galaxies. 

We can then estimate the extra energy by intracluster 
SNe by assuming the same SN rate as that given above. 
We obtain 

Q7e (^cu/M^ ^ ga ^ as j keV/particlej(1) 

where Mic,* is the total mass of the intracluster stars. 
Considering intracluster stars stripped from galaxies by 
galaxy-galaxy and galaxy-cluster interactions, massive 
objects like groups of galaxies may have already been 
formed when intracluster SNe explode. It is then likely 
that the temperature of the surrounding gas is higher 
than 10 5 K. Thus, from the above discussion, the energy 
conversion efficiency, e, is on the order of 1. Excess energy 
by intracluster SNe becomes ~ 0.7 keV / particle. It is 
noted that this value is the same as that in the case of 
SNe in galaxies, when assuming no radiative loss. 



3. Discussion 

In the previous section, we discussed intracluster SNe. 
The most uncertain point is the assumption that the SN 
rate in intracluster space is the same as that in galax- 
ies. This depends on what morphological type galaxies 
mainly release their stars to intracluster space by strip- 
ping. In nearby clusters, most interacting galaxies are of 
the late type. Thus, it seems reasonable to assume that 
stripped stars are relatively young and that the SN rate 
in intracluster space is the same as that in galaxies. 

In order to study the effect of intracluster SNe on the 
cluster properties quantitatively, we need to perform nu- 
merical calculations. As shown in the above estimation, 
the excess energy by intracluster SNe is equivalent to 
that by SNe in galaxies, when assuming no radiative 
loss, which may be incorrect. Thus, under the assump- 
tion that the SN rate in intracluster space is the same as 
that in galaxies, it is expected that the intracluster SNe 
affect such cluster properties as those in galaxies when 
assuming no radiative loss. We can then use the pre- 
vious results, which consider the cluster properties with 
extra energy by SNe in galaxies without radiative loss as 
a good approximation for this case. For example, Wu 
et al. (1998) studied the effect of extra energy by SNe 
on the L-T relation and other properties using a semi- 
analytic model. Their main result is that one can fit 
the L-T relation and others by including extra energies 
of ~ 1 keV/particle. It is very possible that intraclus- 
ter SNe can release such energy as that discussed above. 
Thus, intracluster SNe can be the source of extra energy 
in clusters. 

In order to confirm that intracluster SNe are in fact the 
extra energy source, we need to consider some points. If 
intracluster SNe are the extra energy source, they would 
eject much metal into intracluster space. However, it has 
been considered that the metal in the intracluster gas is 
supplied from elliptical/SO galaxies based on the correla- 
tion between the iron mass, M; ron , and the optical lumi- 
nosities in elliptical/SO galaxies, Le+so (e.g., Arnaud et 
al. 1992). Although the origin of galaxy morphology re- 
mains an unsettled problem, galaxy interactions, such as 
mergers, may be important processes in elliptical-galaxy 
formation. If so, it is expected that there would be a 
positive correlation between the total mass of elliptical 
galaxies and that of intracluster stars, since both ellip- 
tical galaxies and intracluster stars are formed through 
galaxy interactions. Thus, qualitatively, the observed 
correlation between M; ron and £e+so docs not contradict 
this paper's scenario. On the other hand, some literature 
claim that the required energy to explain the L-T rela- 
tion is larger than ~ 1 keV/particle, 2 - 3.5 keV/particle, 
depending on the epoch of energy input, the source dis- 
tribution and so on (e.g., Wu et al. 1999; Loewenstein 
2000). If their result is correct, the energy input from 
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intracluster SNe would explain only part of the required 
energy, and other energy sources could be needed. In 
order to study these points and obtain to quantitative 
results, we now wish to undertake a detailed study using 
a semi-analytic model. 

At the present, the fraction of the intracluster stars 
to the total cluster stars, which is an important value in 
this paper's scenario, is very uncertain. If the fraction 
is much smaller than ~ 50%, intracluster SNe cannot 
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release the required energy to explain the L—T relation, 
and other energy sources are needed. The main reason 
for this uncertainty is that the total area of the observed 
fields is small. If future surveys obtain more precise val- 
ues, we could judge clearly whether intracluster SNe are 
an extra energy source or not. 

Until now, no SN has been discovered in intracluster 
space. If stripping occurs only at a high redshift, type- 
II SNe in intracluster space would also occur only at a 
high redshift. Thus, we do not observe them in intr- 
acluster space at the present. However, it is expected 
that type-la SNe occur, even at present. Using the type- 
la SN rate in elliptical galaxies [0.98/i 2 /(10 10 £ B 100 yr), 
van den Bergh, Tammann 1991] and assuming a mass-to- 
luminosity ratio of 5, typical for the stellar content of an 
old population, the type-la SN rate in intracluster space 
is 
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0.08 



0.65 



Ah 



ic,* 



10 13 M, 



M/L 



5(M/L) 



yr- 1 ,(2) 



where Ho = lOO/i km s _1 Mpc _1 is the Hubble constant. 
In rich clusters, like the Coma cluster, a type-la SN oc- 
curs every ten years. This is a crucial test of the scenario 
that intracluster SNe are the extra energy source. 
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